The effect molecular structural variations has on the CO2 absorption characteristics of heterocyclic amines  by Robinson, K. et al.
Energy 
Procedia
Energy  Procedia  00 (2010) 000–000
www.elsevier.com/locate/XXX
GHGT-10
The effect molecular structural variations has on the CO2 absorption 
characteristics of heterocyclic amines
K. Robinsona,b, A. McCluskeyb and M. Attallaa*
a Coal Portfolio, CSIRO Energy Technology, Newcastle, Australia
b Chemistry, School of Environmental & Life Sciences, The University of Newcastle, Callaghan
NSW 2308, Australia
Elsevier use only: Received date here; revised date here; accepted date here
Abstract
In-situ ATR FT-IR spectroscopy has been used to investigate the reaction between CO2 and 
piperidine, as well as commercially available functionalised piperdine derivatives, e.g., those with 
methyl-, hydroxyl-, and hydroxyalkyl- substituents. The effect of the substituent’s on CO2
absorption has been assessed in relation to the prevalent IR identifiable ionic reaction products, 
along with CO2 absorption capacity and initial absorption rate. The results obtained highlight the 
enhanced reactivity of cyclic 2° amines compared to conventional 1° and 2° amines, MEA and 
DEA respectively. Formation of the COO- derivatives of the 3- and 4- hydroxyl and hydroxyalkyl 
substituted piperidines were found to be kinetically less favourable than that of piperidine and the 3
and 4 –methyl substituted piperdines. As the CO2 loading of piperidine and the 3- and 4- substituted 
piperidines exceeded 0.5 mol CO2/ mol amine, hydrolysis of their COO
- derivative was observable 
in the IR spectral profiles. From the subset of amines analysed the 2-alkyl and 2-hydroxyalkyl 
substituted piperidines were found to favour HCO3
- formation. Despite forming predominantly 
HCO3
- these amines also exhibited initial absorption rates comparable to that of MEA and DEA, 2-
MP in particular was found to exhibit a significantly higher initial absorption rate. Computational 
calculations at the B3LYP/6-31+G** and MP2/6-31+G** level of theory revealed that for the 2-
alkyl and hydroxyalkyl substituted piperidines a combination of both the electronic effect exerted 
by the substituent and a reduction in the exposed area on the nitrogen atom will play a role in 
destabilising the COO- derivative and increasing its susceptibility to hydrolysis. 
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
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Aqueous amine-based post combustion capture (PCC) of CO2 generated from coal-fired power 
stations has been identified as a crucial part of the global solution to climate change. The process 
involves separating CO2 from other gases by reactive chemical absorption and re-releasing CO2
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from the absorbent by heating in a two-step process. The technology is industrially proven for 
absorbents such as monoethanolamine (MEA), and has been used for decades to remove CO2 from 
gas streams in commercial processes such as natural gas processing [1].
The major challenge leading up to the deployment of aqueous amine-based PCC on a large scale 
is adapting the existing technology to suit typical flue gas conditions from a coal-fired power plant. 
At present a high energy and cost penalty is associated with large scale application of the 
technology [2]. One approach to reducing the energy requirements and cost of the process is 
through the development of more cost effective and superior performing amines. 
It is well established in the scientific literature on amine-based absorbents for PCC that a definite 
relationship exists between the structure of amines and their CO2 absorption characteristics [3-6].
The molecular structure of conventional primary (1°) and secondary (2°) absorbents, such as MEA 
and diethanolamine (DEA) respectively, enable the formation of stable carbamate derivatives 
(COO-). On the other hand, 1° amines with one or more alkyl substituent’s   -carbon 
(“sterically-hindered” amines in industry parlance), such as 2-amino-2-methyl-1-propanol (AMP), 
are characterised as forming COO- derivatives of low stability with bicarbonate (HCO3
-) being the 
major product of CO2 absorption. The effect of the substituents on COO
- stability can manifest itself 
through either steric constraints on the amino nitrogen [3] and/or by inducing a change in the 
electronic environment of the amino nitrogen [6]. Current explanations for the variation in activity,
however, tend to focus solely on the concept of steric constraints i.e. with increasing steric 
crowding around the amino nitrogen there is a subsequent increase in HCO3
- formation and hence 
decrease in COO- stability. Both modifications will affect amine reactivity towards CO2. The 
resultant destabilisation of the COO- species (and associated increase in HCO3
- formation) allows 
for higher CO2 loadings and lower absorbent regeneration energies when comparing sterically-
hindered amines to their non-hindered counterparts.
Recently, heterocyclic amines such as piperazine and piperidine have received considerable 
attention due to their increased activity for CO2 absorption. Piperazine in particular has been found 
to exhibit significantly higher CO2 absorption rates compared to other 1° and 2° amines [7]. This 
increased reactivity towards CO2 has been attributed to the cyclic and diamine structure of 
piperazine [7]. The second amine moiety offers the potential for enhanced CO2 absorption capacity 
either in the form of a second reactive site for COO- formation or proton acceptance, in the catalysis 
of HCO3
- formation or in modifying/enhancing the reactivity of the first amine site. However, the 
low solubility of piperazine (1.7 mol/L at 20°C [8, 9]) and piperazine-COO- (1.3 mol/L [8]) limits 
its use as a sole CO2 capture sorbent [8]. In contrast, piperidine a heterocyclic 2° amine does not 
suffer the same limitations with improved aqueous solubility.
We believe studying the reaction between CO2 and piperidine, as well as commercially available 
functionalised piperidine derivatives, e.g. those with methyl-, hydroxyl- and hydroxyalkyl-
substituents, will provide valuable insight into the effect of molecular structural variation on 
CO2/amine reactivity of cyclic amines and their enhanced activity compared to conventional 1° and 
2° amines. Herein we report our findings.
2. Experimental
To characterise the effects of molecular structural variation on CO2/amine reactivity, the 
chemical reactions between CO2 and the subset of functionalised piperidines were followed in-situ
using Attenuated Total Reflectance Fourier Transform Infrared (ATR FT-IR) spectroscopy. The 
effect of the substituents on CO2 absorption was then assessed in relation to the prevalent ionic 
reaction products identified, i.e., COO- versus HCO3
-, along with CO2 absorption capacity and mass 
transfer coefficient at zero loading (initial absorption rate).
Absorption/FT-IR Experiments
A simplified schematic of the absorption reactor apparatus, used to analyse aqueous CO2/amine
reactivity, is shown in Fig. 1. A gas stream of 13% CO2 (v/v) (>99.9% purity, BOC Australia) in N2 
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(derived from cryogenic boil-off) with a flow rate of 1.8 L/min was bubbled through a 3 mol/L 
aqueous amine solution, maintained at 40°C. The difference between the CO2 concentration of the 
reactor gas inflow and gas outflow (measured with a Horiba VA-3000 CO2 analyser) was used 
determine the amount of CO2 absorbed by the amine solution. 
For the duration of each absorption experiment an ATR diamond tipped IR probe, coupled via a 
mirrored K6 conduit to an ic10 FT-IR spectrometer (all supplied by Mettler-Toledo), was immersed 
in the aqueous amine solution. In-situ IR measurements were obtained simultaneously with the CO2
absorption measurements, with the FT-IR spectrometer set to continuously collect spectra for the 
duration of the absorption experiment over the spectral range of 4000-650 cm-1. Each spectrum was 
recorded as the average of 256 scans over a sampling interval of fifteen seconds with a resolution of 
4 cm-1. The amines investigated were purchased from Sigma Aldrich, Acros Organics and Tokyo 
Chemical Industry, with a purity of 	

Figure 1. Simplified schematic of the CO2 absorption reactor/FT-IR system.
Absorption Rate Experiments
A wetted-wall column (WWC) was used to analyse the initial absorption rate of CO2 into 
aqueous solutions of the functionalised piperidines, at a reaction temperature of 40°C. The process 
involved counter-contacting a 1 mol/L aqueous amine thin liquid film (220 ml/min flow rate), with 
a N2/CO2 gas stream (5 L/min flow rate) on the surface of a stainless steel rod with a known surface 
area (effective height 8.21 cm, diameter 1.27 cm). The CO2/N2 composition (v/v) was varied to
achieve CO2 partial pressures in the range of 0 to 20 kPa. The difference between the CO2
concentration of the reactor gas inflow and gas outflow (measured by an Horiba VA-3000 CO2
analyser), along with the known experimental parameters including gas flow rate and contact area 
for reaction, were used to determine the flux and mass transfer coefficient at zero loading.
3. Results and Discussion
Infrared Spectral Analysis
Piperidine
Fig. 2 shows the sequential IR spectra, in the 1800-900 cm-1 region, collected during a typical 
CO2 absorption experiment with a 3 mol/L aqueous piperidine solution. Five major FT-IR peaks are 
shown to evolve with CO2 absorption and hence can be related to the vibrational modes of the 
potential ionic reaction products including piperidine-COO- (carboxylate derivative), piperidine-H+
and bicarbonate (HCO3
-). Based on the IR absorption of characteristic functional groups specific 
assignment of the spectral peaks that emerged is detailed below.
Three main peaks have been assigned to the vibrational modes of piperidine-COO- (Fig. 2). The
N-COO- stretching vibration (N-COO¯) at 1283 cm-1 and the asymmetric and symmetric stretching 
vibrations (asCOO¯ and sCOO¯) of the carboxylate moiety at 1514 cm-1 and 1434 cm-1 respectively.
The asCOO¯ and sCOO¯ of carboxylates have been found to generally give rise to two absorbance 
bands in the 1650-1540 cm-1 and 1450-1360 cm-1 region [10].
226 K. Robinson et al. / Energy Procedia 4 (2011) 224–231
K. Robinson et al/ Energy Procedia 00 (2010) 000–000
4
 
Re
la
tiv
e 
In
fr
ar
ed
 A
bs
or
ba
nc
e 
0
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
900 1000 1100 1200 1300 14001500 16001700 1800
Wavenumber (cm-1) 
0 mol CO2/mol amine 
0.20 mol CO2/mol amine 
0.50 mol CO2/mol amine 
0.60 mol CO2/mol amine 
0.76 mol CO2/mol amine 
Figure 2. Infrared spectra of aqueous piperidine as CO2 is absorbed to a loading of 0.76 mol CO2/mol amine
The absorbance band that appears at 1477 cm-1 has been assigned to the NH2
+ bending mode of
piperidine-H+. To confirm this assignment spectral data was collected during the gradual 
acidification of the original 3 mol/L piperidine solution using concentrated HCl acid. A small peak 
of the same profile evolved at around 1477 cm-1 on protonation of the amine functionality.
As expected, an almost identical relationship exists between IR absorbance and cumulative CO2
absorption (Fig. 3) for the spectral peaks assigned to both piperidine-COO- and piperidine-H+. Peak 
absorbance is observed to increase at the rate of COO- formation at the reaction onset and decrease 
after a loading of 0.5 mol CO2/mol amine. The decrease in peak absorbance at high CO2 loadings 
may be attributed to the sequential onset of a new reaction pathway such as the hydrolysis of the 
COO- derivative to HCO3
-. The relationship identified above can be distinguished from that 
observed for the absorbance band that evolves at 1354 cm-1, which shows a corresponding increase 
in peak absorbance after a loading of 0.5 mol CO2/mol amine. This band has been assigned to the 
sC-O of HCO3-, which is in good agreement with literature values for aqueous HCO3- [11, 12]. There 
are two possible reaction pathways that can lead to the formation of HCO3
- in an aqueous amine 
environment i.e. via the hydrolysis of the COO- derivative or via the direct nucleophilic attack of 
OH- on dissolved CO2. The IR spectral data (Fig. 2 and 3) is illustrative of the first of these two 
pathways, with the simultaneous decline in COO- absorbance and increase in HCO3
- absorbance.
Effect of N –Methyl, –Hydroxy and –Hydroxyalkyl Substituents
N-methylpiperidine (1-MP), N-hydroxypiperidine (1-HP) and N-hydroxyethylpiperidine (1-PE) 
are tertiary (3°) amines and cannot react directly with CO2 to form a COO
- derivative, due to the 
absence of hydrogen atoms bonded directly to the nitrogen atom.  Instead 3° amines form HCO3
-
via a base-catalysed pathway. For this reason their activity will not be compared to the set of 2°
amines being analysed. The IR spectra collected for these amines, however, will be used as a 
standard for HCO3
- formation in an amine/CO2/H2O system. Fig. 4a shows the spectral profile for a 
3 mol/L aqueous 1-PE system, as CO2 is being absorbed into solution, with the characteristic broad 
HCO3
- absorbance band evolving at 1350-1360 cm-1. Further confirmation of this assignment is 
provided in Fig. 4b, which shows the evolution of this broad absorbance band at 1354 cm-1 in the IR
spectra of aqueous 3 mol/L piperidine with the gradual addition of ammonium bicarbonate.
Effect of 2 –Methyl and –Hydroxyalkyl Substituents 
The spectral data collected for 2-methylpiperidine (2-MP), 2-hydroxymethylpiperidine (2-PM)
and 2-(2-hydroxyethyl)piperidine (2-PE) /CO2/H2O systems differ significantly from that of the 
piperidine/CO2/H2O system. Their spectra, however, are very similar to that of the 3° amines 1-MP 
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Figure 3. The relationship between the cumulative CO2 absorption into aqueous piperidine and IR peak absorbance.
Figure 4. a) Infrared spectra of aqueous 3mol/L 1-PE as CO2 as CO2
3 mol/L piperidine solution with gradual addition of ammonium bicarbonate. 
is absorbed; b) the infrared spectra of an aqueous 
and 1-PE (Fig. 4a) with the evolution of the characteristic broad absorbance band at around 1354 
cm-1, indicative of HCO3
- formation. Fig. 5 illustrates this similarity, presenting a partial profile of 
the sequential infrared spectra collected during typical CO2 absorption experiments with 3 mol/L 
aqueous solutions of 2-MP (Fig. 5a) and 2-PM (Fig. 5b).
Effect of 3- and 4- Methyl, Hydroxy and Hydroxyalkyl Subsituents
The infrared spectral profiles obtained for 3- and 4- methylpiperidine (3-MP and 4-MP), 3- and 
4- hydroxypiperidine (3-HP and 4-HP), 3- and 4- hydroxymethylpiperidine (3-PM and 4-PM) and 
4-(2-hydroxyethyl)piperidine (4-PE) /CO2/H2O systems illustrate a high degree of similarity with 
that of the piperidine/CO2/H2O system, in terms of peak positioning and the relationship between 
peak absorbance and cumulative CO2 absorption. As the CO2 loading of these amines exceeded 0.5 
mol CO2/ mol amine, hydrolysis of their carbamate derivatives was also observable in the infrared
spectra collected. The difference in frequencies corresponding to the stretching vibrations of the 
COO- derivatives of piperidine and the 3- and 4- substituted piperidines do not exceed 6 cm-1.
Absorption Capacity and Absorption Rate
To quantify the effect of the alkyl-, hydroxyl- and hydroxylalkyl- substituents on the relative 
reactivity of the amino nitrogen, the CO2 absorption capacity (CA) and mass transfer coefficient at 
zero loading (i.e., initial absorption rate, KG) were determined for each individual amine (Table 1). 
For comparison of reactivity, the CA and KG values obtained for conventional amine-based 
absorbents MEA, DEA and di-methyl substituted AMP have been included in Table 1.
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Figure 5. IR spectral profile for an aqueous 3 mol/L solution of a) 2-MP and b) 2-PE as CO2 is absorbed.
To analyse the electronic/steric effects of the different substituents on the relative reactivity of 
the amino nitrogen (capture performance), the computational software package ‘Spartan 08’ [13]
was used to calculate and compare optimised geometries of the functionalised piperidines at both 
the B3LYP/6-31+G** and MP2/6-31+G** level of theory. The effect of the substituents on the 
calculated electrostatic potential (ESP) partial charge on the amino nitrogen, and the exposed area 
on the nitrogen atom for the optimised forms of the amines, are also provided in Table 1.
The CA and KG results presented in Table 1 highlight the significant increase in reactivity of 
cyclic 2° amines compared to conventional straight chain aliphatic 1° and 2° amines MEA and DEA 
respectively. Particularly note worthy is the increase in initial absorption rate  -substituted 
cyclic amines 2-MP, 2-PM and 2--substituted aliphatic 1° amine AMP, 
given the similarity in structure (i.e. they are considered sterically-hindered).
The similarity in the CA of piperidine and the 3- and 4- alkyl and hydroxyalkyl substituted 
piperidines is consistent with the interpretation of the infrared spectra.  These amines react with 
CO2 to form a relatively stable COO
- derivative, which at higher CO2 loadings begins to hydrolyse 
forming bicarbonate. The hydrolysis of the COO- species permits the CO2 loading of these amines 
to exceed 0.5 mol CO2/mol amine, despite the consumption of two molecules of amine per 
molecule of CO2 in the carbamate reaction pathway.
Methyl substitution in 3-MP and 4-MP had a relatively small effect on the electronic properties 
of the amino nitrogen or on the exposed area of the reactive site (amino nitrogen). This is reflected 
in the KG values obtained for these amines, which are almost identical to that of piperidine.  A 
similar theoretical trend in electronic properties was observed for the 3- and 4- hydroxylalkyl 
substituted amines 3-PM, 4-PM and 4-PE. These amines however exhibited smaller KG values 
compared to their methyl substituted counterparts. Across the subset of functionalised piperidines, 
both the MP2 and B3LYP calculated trends in the ESP charge on the amino nitrogen and the
exposed area on the nitrogen atom are in good agreement of one and other. 
Both the hydroxyl substituted 3-HP and 4-HP exhibited smaller CA values as well as KG values
compared to piperidine. These amines, however, still exhibited higher initial absorption rates than
MEA and DEA, but with similar CA values. Both 3-HP and 4-HP share a structural similarity with 
MEA and DEA; that being a hydroxy group 2 to 3 carbon removed from the amino nitrogen. The 
presence of the hydroxyl substituent in 3-HP and 4-HP was found to have little effect on the
electronic properties of the amino nitrogen. The hydroxyl group in 3-HP was, however, found to
reduce the exposed area of the nitrogen atom. It should also be noted that presence of an oxygen 
atom directly bonded to the nitrogen atom in the tertiary amine N-hydroxypiperidine (Table 1) 
completely hindered CO2 absorption, as opposed to the N-methyl or hydroxyethyl substitution. 
The tendency of 2- methyl and hydroxyalkyl substituted piperidines to favour HCO3
- formation 
over COO- formation, as indicated by the IR spectral data, is reflected in the higher CA and KG
values reported in Table 1, for 2-MP, 2-PM and 2-PE. The role of these substituents in
K. Robinson et al. / Energy Procedia 4 (2011) 224–231 229
K. Robinson et al/ Energy Procedia 00 (2010) 000–000
7
Table 1. Measured absorption capacity (CA) at 40°C and mass transfer coefficient (KG) at 40°C and zero loading for 
the subset of functionalised piperidines. The reactivity of conventional absorbents such as MEA, DEA and 
AMP has also been included at the bottom of the table. Also provided are the theoretical results obtained for 
the ESP charge on nitrogen and the exposed area on the nitrogen atom for all optimised amine structures. 
Amine
CA            
(mol CO2/
mol amine)
KG           
(mol/s.cm2Pa)   
(x10-10)
ESP
Charge on Nitrogen
Exposed Area on 
Nitrogen (Å2)
MP2 B3LYP MP2 B3LYP
piperidine 0.76 3.85 -0.671 -0.643 4.76 4.66
2-methylpiperidine (2-MP) 0.93 2.38 -0.869 -0.836 4.66 4.59
3-methylpiperidine (3-MP) 0.75 3.73 -0.758 -0.741 4.77 4.67
4-methylpiperidine (4-MP) 0.76 3.75 -0.682 -0.652 4.77 4.67
3-hydroxypiperidine (3-HP) 0.61 2.24 -0.671 -0.640 3.95 3.96
4-hydroxypiperidine (4-HP) 0.64 2.28 -0.670 -0.651 4.75 4.65
2-(hydroxymethyl)piperidine (2-PM) 0.85 1.07 -0.748 -0.723 3.85 3.88
3-(hydroxymethyl)piperidine (3-PM) 0.74 2.32 -0.736 -0.720 4.73 4.61
4-(hydroxymethyl)piperidine (4-PM) 0.74 1.86 -0.683 -0.663 4.78 4.68
2-(2-hydroxyethyl)piperidine (2-PE) 0.87 1.27 -0.743 -0.729 2.91 2.99
4-(2-hydroxyethyl)piperidine (4-PE) 0.74 Nm* -0.674 -0.659 4.80 4.69
Tertiary Amines
N-methylpiperidine (1-MP) 0.31 Nm*
N-hydroxypiperidine (1-HP) 0 Nm*
N-(2-hydroxyethyl)piperidine (1-PE) 0.27 Nm*
Conventional Absorbents
monoethanolamine (MEA) 0.56 1.48
Diethanolamine (DEA) 0.60 0.61
2-amino-2-methyl-1-propanol (AMP) 0.84 0.61
* Nm= Not measured 
significantly altering the reactivity of the amino nitrogen towards CO2 and destabilising the COO
-
derivative seems to manifest itself through both electronic effects and by reducing the exposed 
surface area on the nitrogen atom. 
The methyl substitution in 2-MP significantly increased the negative ESP charge on the amino 
nitrogen compared to piperidine and the 3- and 4- substituted piperidine derivatives. This electronic 
influence on the reactive site was found to be far less pronounced in 2-PM and 2-PE. However, the 
hydroxylalkyl side chain in these two amines was found to significantly reduce the exposed area on 
the nitrogen atom compared to the methyl side chain in 2-MP and the hydroxyalkyl side chain in 3-
PM, 4-PM, 3-PE and 4-PE.
In terms of CA and KG values 2-MP stands out from the rest of the amines. Whilst the amine has 
been identified in this study as forming predominantly HCO3
- on absorption of CO2, it showed a 
significant improvement in the KG value compared to 2-PM and 2-PE. Although the 2-methyl 
substituent was found to have the largest electronic influence on the amino nitrogen, it exerted the 
smallest effect in terms of reducing the exposed area on the nitrogen atom. A plausible explanation 
for the increased KG value may be that the increased exposure of the amino nitrogen, compared to 
2-PM and 2-PE, facilitates the initial uptake of CO2 to form an unstable COO
- derivative. The 
electronic effect exerted by the neighbouring methyl group facilitates the destabilisation of the 
COO- derivative, which is then readily hydrolysed to HCO3
-. In contrast, both the 2-hydroxyalkyl 
substituents in 2-PM and 2-PE were found to have the smallest effect on the electronic environment 
of the amino nitrogen but substantially reduced the exposed area on the nitrogen atom. Both 2-PM 
and 2-PE were found to have the smallest KG values compared to 2-MP.
4. Conclusion
The chemical reactions between CO2 and piperidine, as well as a subset of functionalised 
piperidines have been followed in-situ using ATR FT-IR spectroscopy. The effect of the structural 
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variations on CO2 absorption has been assessed in relation to the prevalent IR identifiable ionic 
reaction products i.e. COO- versus HCO3
-, along with CO2 absorption capacity and initial 
absorption rate. Hydrolysis of the COO- derivative of piperidine and the substituted piperidines was 
observable in the IR spectra collected during CO2 absorption. From the subset of amines analysed 
the 2-alkyl and 2-hydroxyalkyl substituted piperidines were found to favour HCO3
- formation in the 
reaction with CO2. Despite forming predominantly HCO3
- these amines exhibited initial absorption 
rates comparable to that of MEA and DEA, 2-MP in particularly was found to exhibit a 
significantly higher initial absorption rate. The theoretical results obtained for the 2- alkyl and 2-
hydroxyalkyl substituted piperidines suggest that a combination of both the electronic effect exerted 
by the substitutent and a reduction in the exposed area on the nitrogen atom will play a role in 
destabilising the carbamate derivative and increasing its susceptibility to hydrolysis.
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